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the performance of a circular heat pipe. Pure water and Al2O3-water based nanoﬂuid are used as
working ﬂuids. An experimental setup is designed and constructed to study the heat pipe perfor-
mance under different operating conditions. The effect of ﬁlling ratio, volume fraction of nano-
particles in the base ﬂuid, and heat input rate on the thermal resistance is investigated. Total
thermal resistance of the heat pipe for pure water and Al2O3-water based nanoﬂuid is also pre-
dicted. An experimental correlation is obtained to predict the inﬂuence of Prandtl number and
dimensionless heat transfer rate, Kq on thermal resistance. Thermal resistance decreases with
increasing Al2O3-water based nanoﬂuid compared to that of pure water. The experimental data
is compared to the available data from previous work. The agreement is found to be fairly good.
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To solve the growing problem of heat generation by electronic
equipment, two-phase change devices such as heat pipe and
thermosyphon cooling systems are now used in electronicg
y. Production and hosting by
Shams University.
lsevierindustry. Heat pipes are passive devices that transport heat
from a heat source to a heat sink over relatively long distances
via the latent heat of vaporization of a working ﬂuid. The heat
pipe generally consists of three sections; evaporator, adiabatic
section and condenser. In the evaporator, the working ﬂuid
evaporates as it absorbs an amount of heat equivalent to the
latent heat of vaporization. The working ﬂuid vapor condenses
in the condenser and then, returns back to the evaporator.
Nanoﬂuids, produced by suspending nano-particles with aver-
age sizes below 100 nm in traditional heat transfer ﬂuids such
as water and ethylene glycol provide new working ﬂuids that
can be used in heat pipes. A very small amount of guest
nano-particles, when uniformly and suspended stably in host
ﬂuids, can provide dramatic improvement in working ﬂuid
thermal properties. The goal of using nanoﬂuids is to achieve
the highest possible thermal properties using the smallest
Nomenclature
A surface area, m2
Cp speciﬁc heat, J/kg K
FR ﬁlling ratio
I electric current, A
K thermal conductivity, W/m K
L length, m
N number of thermocouples
Q input heat rate, W
q heat ﬂux, W/m2
R total thermal resistance of heat pipe, K/W
T temperature, K
V applied voltage, V
X horizontal coordinate parallel to the test section,
mm
Greek symbols
u volume fraction of nanoparticles, %
q density, kg/m3
l dynamic viscosity, N s/m2
Subscript
c condenser
e evaporator
ef effective
e evaporator
l liquid
m base ﬂuid
n nanoﬂuid
p particles
water pure water
Dimensionless numbers
RR reduction factor in thermal resistance
Kq dimensionless heat transfer rate,
KefLeDT
Q
Pr Prandtl number, lefCpefKef
64 M.G. Mousapossible volume fraction of the nano-particles (prefera-
bly< 1% and with particle size< 50 nm) in the host ﬂuid.
Kaya et al. [1] developed a numerical model to simulate the
transient performance characteristics of a loop heat pipe. Kang
et al. [2] investigated experimentally, the performance of a con-
ventional circular heat pipe provided with deep grooves using
nanoﬂuid. The nanoﬂuid used in their study was an aqueous
solution of 35 nm diameter silver nano-particles. It is reported
that the thermal resistance decreased by 10–80% compared to
that of pure water.
Pastukhov et al. [3] experimentally, investigated the perfor-
mance of a loop heat pipe in which the heat sink was an exter-
nal air-cooled radiator. The study showed that the use of
additional active cooling in combination with loop heat pipe
increases the value of dissipated heat up to 180 W and de-
creases the system thermal resistance down to 0.29 K/W.
Chang et al. [4] investigated, experimentally, the thermal
performance of a heat pipe cooling system with thermal
resistance model. An experimental investigation of thermosy-
phon thermal performance considering water and dielectric
heat transfer liquids as the working ﬂuids was performed by
Jouhara et al. [5]. The copper thermosyphon was 200 mm long
with an inner diameter of 6 mm. Each thermosyphon was
charged with 1.8 ml of working ﬂuid and tested with an evap-
orator length of 40 mm and a condenser length of 60 mm. The
thermal performance of the water charged thermosyphon is
compared with the three other working ﬂuids (FC-84, FC-77
and FC-3283). The parameters considered were the effective
thermal resistance as well as the maximum heat transport.
These ﬂuids have the advantage of being dielectric which
may be better suited for sensitive electronics cooling applica-
tions. Furthermore, they provide adequate thermal perfor-
mance up to approximately 50 W, after which liquid
entrainment compromises the thermosyphon performance.
Lips et al. [6] studied experimentally, the performance of
plate heat pipe (FPHP). Temperature ﬁelds in the heat pipe
were measured for different ﬁlling ratios, heat ﬂuxes and
vapor space thicknesses. Experimental results showed thatthe liquid distribution in the FPHP and consequently its ther-
mal performance depends strongly on both the ﬁlling ratio
and the vapor space thickness. A small vapor space thickness
induces liquid retention and thus reduces the thermal resis-
tance of the system. Nevertheless, the vapor space thickness
inﬂuences the level of the meniscus curvature radii in the
grooves and hence reduces the maximum capillary pressure.
Thus, it must be, carefully, optimized to improve the perfor-
mance of the FPHP. In all the cases, the optimum ﬁlling ratio
obtained, was in the range of one to two times the total vol-
ume of the grooves. A theoretical approach, in non-working
conditions, was developed to model the distribution of the
liquid inside the FPHP as a function of the ﬁlling ratio and
the vapor space thickness.
In Shafahi et al.’s [7] work, a two-dimensional analysis is
used to study the thermal performance of a cylindrical heat
pipe utilizing nanoﬂuids. Three of the most common nano-
particles namely Al2O3, CuO, and TiO are considered as the
working ﬂuid. The existence of an optimum mass concentra-
tion for nano-particles in maximizing the heat transfer limit is
established. The effect of particle size on the thermal perfor-
mance of the heat pipe is also investigated. It is found that
smaller particles have a more pronounced effect on the tem-
perature gradient along the heat pipe. Do et al. [8] the effect
of nanoﬂuids on the thermal performance of heat pipes was
experimentally investigated by testing circular screen mesh
wick heat pipes using water-based Al2O3 nanoﬂuids with the
volume fraction of 1.0 and 3.0 vol.%. The wall temperature
distributions and the thermal resistances between the evapora-
tor and the adiabatic sections were measured and compared
with those for the heat pipe using DI water. Kang et al. [9]
the nanoﬂuid used in this study was an aqueous solution of
10 and 35 nm diameter silver nano-particles. The experiment
was performed to measure the temperature distribution and
compare the heat pipe temperature difference using nanoﬂuid
and DI-water In addition, the nanoﬂuid as working medium
in heat pipe can be up to 70 W and is higher than pure water
about 20 W.
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ment of thermal conductivity (5–60%) over the volume frac-
tion range of 0.1–5%.
All these features indicate the potential of nanoﬂuids in
applications involving heat removal. Issues, concerning stabil-
ity of nanoﬂuids, have to be addressed before they can be put
to use. Ironically, nanoﬂuids of oxide particles are more stable
but less effective in enhancing thermal conductivity in compar-
ison with nanoﬂuids of metal particles.
The aim of the present work is to investigate, experimen-
tally, the thermal performance of a heat pipe. The affecting
parameters on thermal performance of heat pipe are studied.
The type of working ﬂuid (pure water and Al2O3-water based
nanoﬂuid), ﬁlling ratio of the working ﬂuid, volume fraction of
nano-particles in the base ﬂuid, and heat input rate are consid-
ered as experimental parameters. Empirical correlation for
heat pipe thermal performance, taking into account the vari-
ous operating parameters, is presented.
2. Experimental Setup and procedure
A schematic layout of the experimental test rig is shown in
Fig. 1. This research adopts pure water and Al2O3-water based
nanoﬂuid as working ﬂuids. The size of nano-particles is
40 nm. The test nanoﬂuid is obtained by dispersing the
nano-particles in pure water. The working ﬂuid is charged
through the charging line (6). In the heat pipe, heat is gener-
ated using an electric heater (12). The vapor generated in the
evaporator section (8) is moved toward the condenser section
(4) via an adiabatic tube (5) whose diameter and length are
20 mm and 40 mm, respectively. Both evaporator and con-
denser sections have the size of 40 mm-diameter and 60 mm-
height. The condensate is allowed to return back to evaporator
section by capillary action ‘‘wick structure’’ through the adia-
batic tube. There are two layers of copper meshes (mesh num-
ber 160) inside the tube. A close contact between the meshes
and the inner wall can be guaranteed due to the internal
tension of the meshes. The tested pipe heat is positioned hori-3. Insulation2. Autotransformer 1. Stabilizer 
8. Evaporator7. Pressure gage 6. Charge line 
13. Multi-mete12. Electric heater   11. Mica sheet 
Figure 1 Schematic lazontally. The evaporator section was heated by an electrical
heater and the condenser section was cooled by the air. The
surfaces of the evaporator section, adiabatic section, and con-
denser section sides are covered with 25 mm-thick glass wool
insulation (3). Seventeen calibrated cooper-constantan ther-
mocouples (T-type) are glued to the heat pipe surface and dis-
tributed along its length to measure the local temperatures
(Fig. 2). Two thermocouples are used to measure ambient tem-
perature. All thermocouples are connected to a digital temper-
ature recorder via a multi-point switch. The non condensable
gases are evacuated by a vacuum pump. The heat pipe is evac-
uated u to 0.01 bar via the vacuum line (10). The power sup-
plied to the electric heater (12) is measured by a multi-meter
(13). The input voltage was adjusted, using an autotransformer
(2). The voltage drops across the heater were varied from 5 to
45 Volt. The AC voltage stabilizer (1) is used to ensure that
there is no voltage ﬂuctuation during experiments. The pres-
sure inside the evaporator was measured by a pressure gage
with a resolution of 0.01 bar.
Thermocouples (with the uncertainty lower than 0.20 C)
are distributed along the surfaces of the heat pipe sections as
follows: six thermocouples are attached to the evaporator sec-
tion, two thermocouples are attached to the adiabatic section,
and nine thermocouples are attached to the condenser section.
The obtained data for temperatures and input heat rate are
used to calculate the thermal resistance.
One can deﬁne the ﬁlling ratio, FR, as the volume of
charged ﬂuid to the total evaporator volume. The working
ﬂuid is charged at 30 C.
The effects of working ﬂuid type, ﬁlling ratio, volume frac-
tion of nano-particles in the base ﬂuid, and heat input rate on
the thermal performance of the heat pipe are investigated in
the experimental work. The experimental runs are executed
according to the following steps:
1. Although heat pipes are very efﬁcient. The heat pipe is
evacuated and charged with a certain amount of working
ﬂuid. 
5.Adiabatic tube  4.condenser  
10. Vacuum line9-Wick 
r
yout of the test rig.
Figure 2 Thermocouples distribution along the heat pipe sections.
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desired rate using the autotransformer.
3. The steady state condition is achieved after, approximately,
one hour of running time using necessary adjustments to
the input heat rate. After reaching the steady state condi-
tion, the readings of thermocouples are recorded, sequen-
tially, using the selector switch. The voltage of the heater
is measured to determine the value of applied heat ﬂux.
Finally, the pressure inside the evaporator is recorded.
4. At the end of each run, power is changed and step 3 is
repeated.
5. Steps 1–4 are repeated using another adjusted amount of
working ﬂuid. The ﬁlling ratios, FR, used are 0.2, 0.4,
0.45, 0.50, 0.55, 0.60, 0.65, 0.70, 0.80 and 1.0.
6. Pure water and Al2O3-water based nanoﬂuid are used as
working ﬂuids. Steps 1–5 are repeated for Al2O3-water
based nanoﬂuid using several values of volume fractions
of nano-particles. The volume fractions used are 0.25%,
0.4%, 0.5%, 0.6%, 0.75%, 1.0% and 1.5%, respectively.
3. Data reduction
Although heat pipes are very efﬁcient heat transfer devices,
they are subject to a number of heat transfer limitation. For
high heat ﬂux heat pipes operating in low to moderate temper-
ature range, the capillary effect and boiling limits are com-
monly the dominant factor. For a given capillary wick
structure and working ﬂuid combination, the pumping ability
of the capillary structure to provide the circulation for a given
working ﬂuid is limited. In order to maintain the continuity of
the interfacial evaporation, capillary pressure must satisfy the
following relation [2]
DPP DPl þ DPv þ Pe þ Pc ð1Þ
Boiling limit is directly related to bubble formation in the li-
quid. In order that a bubble can exist and grow in liquid, a cer-
tain amount of superheat is required. Accurately
characterizing the thermal power transfer, Q is a complicated
task because it is difﬁcult to accurately quantify the energy loss
to the ambient surroundings. Therefore, the whole surface of
the heat pipe is well insulated so that the rate of heat loss
can be ignored. The heat input rate can be calculated using
the supplied voltage and measured current such that,
Q ¼ I V ð2Þ
where V and I are the applied voltage in Volt and current in
Amp, respectively.The experimental determination of the ther-mal performance of the heat pipe requires accurate measure-
ments of evaporator and condenser surface temperatures as
well as the power transferred. Calculating evaporator and con-
denser temperatures is, relatively, a straightforward task. They
are obtained by simply averaging the temperature measure-
ments along the evaporator and condenser surfaces. Thus,
evaporator and condenser temperatures can be expressed as:
Te ¼
Pi¼Nte
i¼1 Tei
Ne
; Tc ¼
Pi¼Ntc
i¼1 Tci
Nc
ð3Þ
where Ne, Nc are the number of thermocouples on the evapo-
rator and condenser, respectively. The obtained data for tem-
peratures and heat input rate are then used to calculate the
thermal resistance using the following relation,
R ¼ ð
Te  TcÞ
Q
ð4Þ
One can assume that the nano-particles are well dispersed
within the base-ﬂuid, so the effective physical properties are
described by classical formulas which are mentioned by Das
et al. [10] as;
qef ¼ ð1 /Þqm þ /qp
qefCpef ¼ ð1 /ÞqmCpm þ /qpCpp
ð5Þ
The effective dynamic viscosity of nanoﬂuids can be calculated
using different existing equations that have been obtained for
two-phase mixtures. The following relation is the well-known
Einstein’s equation for a viscous ﬂuid containing a dilute
suspension of small, rigid, spherical particles.
lef ¼ lmð1þ 2:5/Þ
kef ¼ kmð1þ 7:4/Þ
ð6Þ
where / is the ratio of the volume of the nano-particle to the
volume of the base ﬂuid.
The symbols Km and / are the base ﬂuid thermal conductiv-
ity and volume fraction of the nano-particle in the base ﬂuid
respectively.
The relevant thermo-physical properties of the solid nano-
particles (Al2O3) used in the present study are Cpp = 773 J/
kg C, q= 3880 kg/m3, and Kp = 36 W/m C, which are men-
tioned in previous work [13].
One can calculate the reduction factor in total thermal
resistance of heat pipe charged with nanoﬂuid by referring
its thermal resistance to that charged with pure water,
expressed as;
RR ¼ ðRm  RefÞ=Rm ð7Þ
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about ±11.9%.
4. Result and discussion
Experiments are performed on heat pipe considering two dif-
ferent working ﬂuids; pure water and Al2O3-water based nano-
ﬂuid. In both cases, the effect of heat input rate, Q, and ﬁlling
ratio, FR on its performance are investigated. Moreover, in
case of nanoﬂuid, the effect of varying volume fraction of
nano-particles in the base ﬂuid, /, on the thermal performance
of this heat pipe is also predicted. The values of local surface
temperatures along all sections of the heat pipe are measured
(0 6 X 6 120 mm), where X is measured from the beginning
of the evaporator section. The range 0.0 6 X 6 40 mm repre-
sents the evaporator section, 40 < X 6 80 mm represents the
adiabatic section and 80 < X 6 120 mm represents the con-
denser section.
Figs. 3 and 4 illustrate the surface temperature along the
heat pipe for two values of heat input rate (40 and 60 W)
and same ﬁlling ratio, FR of 0.45. As expected, the surface
temperature decreases with increasing the distance from the
evaporator section due to the heat exchange between the heat
pipe surface and working ﬂuid. It is clear that the surface tem-
perature decreases with increase of nano-particle concentra-
tion, /. As expected, the surface temperature decreases with
increasing the distance from the evaporator along heat pipe.
Fig. 5 illustrates the variation of the total thermal resistance
of the heat pipe, R with the ﬁlling ratio for Al2O3-water based
nanoﬂuid /= 0, 0.5% and 1.2%) at heat input rate of 40 W.
As shown in the ﬁgure, R decreases with the increase of the ﬁll-
ing ratio up to a value of FR equals to 0.40, after which R
starts to increase with the increase of FR due to increasing li-
quid inside evaporator. It can be also noticed that the thermal
resistance, R is inversely proportional to concentration of
nano-particles, /.0 40 80 120
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Figure 3 Temperature distributions along the heat pipe surface
for different nanoﬂuid concentration.
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Figure 5 Variation of thermal resistance with ﬁlling ratio at
different heat input rates.Fig. 6 shows the variation of the total thermal resistance of
the heat pipe, R with volume fraction of nano-particle in the
base ﬂuid, / at two different heat input rates, Q (40 and
60 W). Over the tested range of /, while keeping the ﬁlling ra-
tio of 0.45, the percentage enhancement in R reaches up to
62.60% at /= 1.2 compared to its value when using pure
water.
The effect of adding nano-particles on the thermal perfor-
mance of the heat pipe is more evident if the data is expressed
as a plot of the reduction rate in total thermal resistance, RR
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Figure 7 Reduction factor of total thermal resistance at different
volume fraction of nano-particles, u.
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Figure 8 Experimental total thermal resistance versus correlated
total thermal resistance over the tested range of heat input rate.
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Figure 9 Comparison of the present results with available
literature at different value of heat input rate.
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Figure 6 Variation of thermal resistance with volume fraction of
nano-particles.
68 M.G. Mousaversus /, as shown in Fig. 7, i.e. the enhancement of thermal
performance is increasing with the increase of nano-particles
concentration, /. The addition of nano-particles has illustrated
that during nucleate boiling some nano-particles deposit on the
heated surface to form a porous layer. This layer improves the
wet ability of the surface considerably. The thermal conductiv-
ity of the working ﬂuid is also preferably high in order to min-
imize the temperature gradient.
The obtained heat transfer data is correlated as the follow-
ing relation:R ¼ 0:294 K0:596q FR1:273 Pr0:0532
h i
ð8Þ
The error in calculated thermal resistance is predicted by the
above suggested correlation is around ±5%, as shown in
Fig. 8.
5. Comparison with the available literature
Fig. 9 shows a comparison between the present experimental
results with those reported by Kang et al. [2] in case of using
pure water as a working ﬂuid with FR equals to 0.5. It can
be observed that the present experimental results for the used
two working ﬂuids have the same trend as those reported by
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Figure 10 Comparison between present data and previous one
for the variation of thermal resistance with ﬁlling ratio.
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pure water may be attributed to the difference in heat pipe
geometry and uncertainty in measurements.
Fig. 10 shows a comparison between the present experimen-
tal results of the total resistance, R using Al2O3-water based
nanoﬂuid of / = 0.5% to those reported by Lips et al. [6]
who used a heat pipe charged with n-pentane nanoﬂuid of
/= 0.5%. One can see that the thermal resistance of the heat
pipe decreases with increasing ﬁlling ratio up to a value of
FR = 0.45, where it starts to increase with increasing the ﬁll-
ing ratio. It can be also observed that the present experimental
results are, a little bit, higher than those reported by Lips et al.
[6], but they have the same trend. The discrepancies in both re-
sults may be due to the differences in dimensions of the tested
heat pipes as well as due to the type of working ﬂuids used.
6. Conclusions
Using heat pipes and based on the nanoﬂuid literature, partic-
ularly those related to the optimum operating condition, the
thermal performance enhancement of heat pipes charged with
the nanoﬂuids indicates the potential of the nanoﬂuid use as
substitute of conventional ﬂuids. This ﬁnding makes the nano-
ﬂuid more attractive as a cooling ﬂuid for devices with high
power intensity. A compact heat pipe is thermally tested with
two different working ﬂuids; pure water and Al2O3-water
based the nanoﬂuid. The thermal performance of this heat pipe
is predicted under different operating conditions including
heat input rate, ﬁlling ratio, and volume fraction of the
nano-particle in water. From the obtained data and its discus-
sion, the following conclusions may be drawn:
1. The optimum ﬁlling ratio of charged ﬂuid in the tested heat
pipe was about 0.45–0.50 for both pure water and Al2O3-
water based nanoﬂuid, respectively.2. By increasing concentration of the nanoﬂuid, the thermal
performance of heat pipe can be decreased.
It can be said that better ability to manage thermal proper-
ties of working ﬂuid translates into greater energy transport,
smaller and lighter thermal systems. This may be applied to
cooling of super computers.
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